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E-mail address: heidiruizv@gmail.com (H. Ruiz).Sound absorption by microperforated panels (MPP) has received increasing attention the past years as an
alternative to conventional porous absorbers in applications with special cleanliness and health require-
ments. The absorption curve of an MPP depends on four parameters: the holes diameter, the panel thick-
ness, the perforation ratio, and the thickness of the air cavity between the panel and an impervious wall.
It is possible to find a proper combination of these parameters that provides an MPP absorbing in one
octave band or two, within the frequency range of interest for noise control applications. However, when
a wider absorption frequency band is required, it is necessary to design multiple-layer MPP (ML-MPP).
The design of an N-layers MPP depends on 4N parameters. Consequently, the tuning of an optimal ML-
MPP by exhaustive search within a prescribed frequency band becomes impractical. Therefore, simulated
annealing is proposed in this paper as a tool to solve the optimization problem of finding the best com-
bination of the constitutive parameters of an ML-MPP providing the maximum average absorption within
a prescribed frequency band.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Microperforated panels (MPP) provide wideband absorption
without any porous materials. The absorption is produced by vis-
cous losses in an array of sub-millimetric holes along the panel
when it is mounted in front of an impervious wall, with an air cav-
ity in between. The performance depends on the thickness of the
panel, t, the hole diameter, d, the porosity, p, and the thickness of
the air cavity, D. They were first proposed by Maa [1,2] and further
used for different applications [3,4]. MPPs are resonator type
absorbers. Therefore, single-layer MPPs have a frequency band of
absorption that usually amounts to as much as 2.5 octaves. It is
possible to widen the absorption band without decreasing the
curve peak by designing multiple-layer MPPs [4–9]. Since the per-
formance of a single-layer MPP depends on four parameters
(d, t,p,D), the design of an N-layer MPP will involve the tuning of
4N parameters.
From an engineering point of view, it would be attractive to
know the combination of constitutive parameters within given
variation ranges that provides the maximum mean absorption for
a prescribed frequency band. This is a typical optimization prob-
lem. More specifically, it consists of looking for a global maximum
in a solutions space where there may be a number of local maxima.
Simulated annealing (SA) is an optimization method especially
appropriate for such kind of problems [10,11]. The SA algorithmAll rights reserved.has recently been successfully applied to a number of acoustical
problems, such as the optimization of constrained composite
absorbers [12], noise barriers [13,14] and noise reduction algo-
rithms [15]. Kim and Kim [16] studied a similar problem related
to the optimization of a multilayer system composed of solid pan-
els, perforated panels and air gaps. However, while these authors
kept fixed the constitutive parameters of the panels and optimized
the layer sequence and thickness of each layer simultaneously
using topology optimization, we propose the application of SA for
optimizing the mean absorption of ML-MPPs, within given varia-
tion ranges of their constitutive parameters.
The paper is organized as follows. First, the equations for the
normal incidence absorption coefficient of ML-MPPs are presented
in Section 2. The SA algorithm to optimize the mean absorption
within a prescribed frequency band is described in Section 3. Next,
experimental results of absorption that validate the theory are pre-
sented in Section 4. Finally, Section 5 summarizes the main results
of the investigation.2. Normal incidence sound absorption of an ML-MPP
Fig. 1 shows a sketch of an ML-MPP composed of N layers. The
normal incidence absorption coefficient of a system is
aðf Þ ¼ 1 jRðf Þj2; ð1Þ
where
Fig. 1. Sketch of an ML-MPP.
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Ziðf Þ þ Z0 ; ð2Þ
is the normal incident reflection coefficient, Zi is the input imped-
ance, and Z0 = q0c0 is the characteristic impedance of air. The acous-
tic impedance at the input of the nth layer is [8].
Zn ¼ Zmn þ ZCn; ð3Þ
where
ZCn ¼ Z0 Znþ1 cosðkDnÞ þ jZ0 sinðkDnÞZ0 cosðkDnÞ þ jZnþ1 sinðkDnÞ
ð4Þ
is the acoustic impedance of the nth cavity [17] of thickness Dn, Zmn
is the acoustic impedance of the nth MPP, and k is the wavenumber.
Eq. (4) applies for n = 1, 2, . . ., N  1. For n = N,
ZCN ¼ jZ0 cotðkDNÞ: ð5Þ
Eqs. (1)–(5) make it possible to obtain the absorption coefficient of
an N-layers MPP provided that the equation for the acoustic imped-
ance of an MPP is known. Maa [2] proposed his well-known equa-
tion based on the Crandall solution for the impedance of a tube
with the edge corrections of Ingard,
Zmn;Maa ¼
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where (dn, tn,pn) are the hole diameter, thickness and porosity,
respectively, of the nth MPP, l is the air viscosity coefficient, q0
the air density, x the angular frequency, J0, J1 are Bessel functions
of the first kind and order 0 and 1, respectively, and
yn ¼ dn=dv ¼ dn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0x=4l
q
; ð7Þ
is the ratio of the hole diameter to the viscous layer thickness (dv).
Eq. (6) is correct for an MPP with a low perforation ratio. When
the holes are too close, it is necessary to introduce a correction to
the reactance term of the end correction to take the interaction be-
tween holes into account [18]. This is done by including the Fokfunction into the denominator of the reactive term of the edge cor-
rection in Eq. (6),
wðtnÞ ¼ 1=ð1 1:4092ðtnÞ þ 0:33818ðtnÞ3 þ 0:06793ðtnÞ5
 0:02287ðtnÞ6 þ 0:03015ðtnÞ7  0:01641ðtnÞ8Þ; ð8Þ
with
tn ¼ ffiffiffiffiffipnp :
More recently, Atalla and Sgard [19] proposed an alternative
equation valid for microperforated panels and screens,
Zmn;AS ¼ ðtn þ 2eenÞ ð1þ jÞ 4Rspndn
þ jxq0
pn
 
; ð9Þ
where een ¼ 0:425dnð1 1:14 ffiffiffiffiffipnp Þ is the length correction, and
Rs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0xl=2
p
is the surface resistance, of the air vibrating within
each hole of the MPP.
Whereas Eq. (6) was originally proposed for circular holes, Eq.
(9) presents a general methodology that can handle particular geo-
metrical parameters for miscellaneous configurations [19]. The
perforations must be sub-millimetric to provide an MPP with en-
ough absorption in the frequency band of interest in noise control
applications. Sub-millimetric perforations are usually carried out
by laser technology. Numerous circular punctures must be made
even for moderate porosities, and this can become rather expen-
sive. The manufacturing process will be cheaper if slit perforations
are made instead of circular holes. Specific impedance models were
proposed for micro-slotted panels (MSP), e.g. by Maa [20] and
Randeberg [21].
Fig. 2 shows the absorption curves of a single-layermicro-slotted
panel with parameters (d, t,p,D) = (0.25 mm,1 mm,3.4%,1.1 cm)
predicted using the equations of Maa [2], Atalla and Sgard [19],
Maa [20] and Randeberg [21]. Here d is the width of the slits (i.e.,
the hydraulic diameter). For the sake of comparison, the experimen-
tal curve measured in an impedance tube by the transfer function
method [22] is also shown. As can be seen, the absorption curves
vary for the four models. Of those presented, the curve provided
by the Atalla and Sgardmodel agrees best with the experimental re-
sults. Therefore, wewill use Eq. (9) in the following formodeling the
absorption of an ML-MPP.
Fig. 2. Absorption curves of a single-layer MPP with parameters
(d, t,p,D) = (0.25 mm,1 mm,3.4%,1.1 cm).
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The problem set forth is to find the best combination of consti-
tutive parameters of an ML-MPP that provides the maximummean
absorption, within a prescribed frequency band. Such parameters
should be confined to take values in constrained ranges.
To illustrate the problem, Fig. 3 shows the mean absorption of a
double-layer MPP (DL-MPP), in the frequency band (800,6400) Hz
(three octaves), as a function of the configuration number [each
configuration is a combination of the six parameters
(d1,p1,D1,d2,p2,D2)]. The number of configurations (106, in this
case) has been taken purposely low so that the problem can be
solved by exhaustive search (ES).
Note that the objective function (average absorption) has a spi-
ky structure, with a global maximum and many local maxima.
Classical optimization techniques, based on the calculation of
derivatives, are precluded in these problems, since they have the
risk to be trapped in a local maximum. Conversely, SA is a tech-
nique especially well suited for solving global optimization prob-
lems with many local optima.
SA mimics the way metals cool and anneal [23]. If the metal is
slowly cooled from a high temperature state, atoms are rearrangedFig. 3. (a) Evolution of the average absorption with the configuration number for
the case of exhaustive search. (b) A zoom of (a).to attain minimum energy, following the Boltzmann law, which as-
serts that the probability that the system evolves from one state to
another with energy change DE at temperature T is exp(DE/kBT),
kB being the Boltzmann constant. The application of this scheme of
accepting a new state, or configuration, to the function optimiza-
tion problem is known as the Metropolis algorithm [24]. To apply
this algorithm to an optimization problem, it is necessary to pro-
vide the following elements [23]: (a) the space of configurations;
(b) a random mechanism for changing from one configuration to
other; (c) an objective function (analogous to energy) to be opti-
mized; (d) a control parameter (analogous to temperature) to start
and finish the algorithm; and (e) a cooling schedule, controlled by a
cooling factor, i.e., a constant, that establishes how the control
parameter is lowered from high to low values.
In the present case, the space of configurations is given by the
combinations of constitutive parameters, with the constrains
d1;2  ½dmin;dmax;
p1;2  ½pmin;pmax;
D1;2  ½Dmin;Dmax;
ð10Þ
keeping t1 = t2 = 1 mm. To pass from one configuration to another,
one parameter, e.g., (d1,2,p1,2) or (D1,2), is chosen and varied ran-
domly within the constrained range. This mechanism guarantees
that two successive configurations are in the neighborhood of each
other. For each configuration the Metropolis algorithm is imple-
mented in the following manner. Let
DaðTnÞ ¼ haoldi  hanewi ð11Þ
where hai denotes the average absorption in the frequency band
(f1, f2) and Tn is the control parameter. Two conditions are used to
decide whether or not the configuration is accepted: (a) Da(Tn) < 0,
or (b) the acceptance probability, P(Tn) = exp(Da(Tn)/Tn) > uwhere
u is a random number generated in the interval [0,1]. This means
that configurations with larger average absorption are accepted
unconditionally, while configurations with lesser average absorp-
tion are accepted only if the Boltzmann function value is larger than
u. This mechanism prevents the search from being trapped in a lo-
cal maximum.
As stated above, the objective function to be maximized is the
average absorption in the frequency band (f1, f2). The control
parameter Tn, which varies from Tini to Tend, cools asFig. 4. (a) Evolution of temperature and objective function of SA, and (b) absorption
curves obtained by SA and ES, for the case of a DL-MPP, with (f1, f2) = (800,6400) Hz,
Tini = 1, Tend = 0.0001, b = 0.95, Niter = 250, Nsuccess = 25.
Table 1
Constitutive parameters and average absorption of a DL-MPP with t1 = t2 = 1 mm
found out by ES and SA.
Algorithm MPP1 MPP2 hai
d1
(mm)
p1
(%)
D1
(cm)
d2
(lm)
p2
(%)
D2
(cm)
ES 0.25 8.5 1.0 0.25 3.4 1.0 0.6662
SA 0.25 8.4 1.0 0.25 3.5 1.0 0.6582
Fig. 5. (a) Evolution of temperature and objective function of SA, and (b) absorption
curves obtained by SA and ES, for the case of a TL-MPP, with (f1, f2) = (400,6400) Hz,
Tini = 1, Tend = 0.00001, b = 0.95, Niter = 500, Nsuccess = 75.
Fig. 7. Absorption curves of a DL-MSP with
(d1, t1,p1,D1,d2, t2,p2,D2) = (0.25 mm,1 mm,8.4%,1 cm,0.25 mm,1 mm,3.5%,1 cm).
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where b is the cooling factor. The system progresses from Tn to Tn+1
when a number of iterations, Niter, are completed. The process is fin-
ished when either Tend is reached or a number of changes, Nsuccess,
are done without success in finding a better configuration.
For the sake of comparison, the DL-MPP optimization problem
worked out above by ES is now solved by simulated annealing.
The constrained ranges for searching the constitutive parameters
of the panels have been d1,2  [0.25,0.75] mm, t1,2 = 1 mm,
p1,2  [3.4,8.5]%, D1,2  [1,5] cm. Fig. 4a illustrates the evolution of
the temperature and objective function (the average absorption)Fig. 6. MPPs used for experimentalof the algorithm. Initially, at a high temperature, there is a high
probability of accepting a configuration with less average absorp-
tion. However, when the temperature decreases the probability
of accepting configurations with less average absorption becomes
increasingly smaller, until it finally converges to the optimum solu-
tion with an average absorption close to the maximum. Fig. 4b
shows the absorption curve of the corresponding DL-MPP achieved
by SA, as compared to the global optimum found by ES. The two
curves are practically undistinguishable, for the plot resolution.
Table 1 summarizes the optimum parameters found by ES and
SA. As can be seen, the porosities obtained by the two methods
vary slightly from each other. The SA optimization results in an
average absorption that differs just 1% with respect to the global
optimum provided by ES. However, whereas the ES requires
3227 s to find the solution, the SA algorithm spent less than 16 s
on providing the solution in an Intel Core i3 personal computer.
Let us calculate now the optimum triple-layer MPP (TL-MPP) for
a wider frequency band (400,6400) Hz (four-octaves). In this case,
keeping t1 = t2 = t3 = 1 mm, there are 109 configurations to look for,
so that the use of the exhaustive search is prohibitive. However,
simulated annealing provides a solution close to the optimum
in 68 s, see Fig. 5. Note that the average absorption converges to
the optimum when the temperature colds enough, Fig. 5a.
The SA algorithm provides the optimum TL-MPP with parameters
(d1, t1,p1,D1,d2, t2,p2,D2,d3, t3,p3,D3) = (0.25 mm,1 mm,8.5%,1 cm,
0.25 mm,1 mm,4,55%,1 cm,0.25 mm,1 mm,3.4%,1.3 cm) whichvalidation. (a) MPP1, (b) MPP2.
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(400,6400) Hz (Fig. 5b).
4. Experimental validation
Measurements were performed for a DL-MPP inside an imped-
ance tube with a diameter of 2.9 cm. The samples were placed at
one end of the tube and a loudspeaker radiating random noise
was installed on the opposite side. The absorption coefficient was
measured with the transfer function method [22]. The distance be-
tweenmicrophones was 2 cm; this should be less than half a wave-
length. The inner tube diameter was 29 mm, and therefore the
valid frequency range for the measurement was 857 Hz < f <
6860 Hz [25]. Fig. 6 shows the MPP’s used for the experiment with
the constitutive parameters provided by the SA algorithm (see
Table 1).
Fig. 7 shows a comparison between the experimental curve for
the absorption as a function of the frequency and the simulation of
the theoretical curve by Atalla and Sgard. The two curves approach
each other. Slight differences between the curves can be due to
small manufacturing imperfections (see Fig. 6) of the panels and
their positioning inside the tube.
5. Conclusions
In this paper, the optimization of an ML-MPP design by simu-
lated annealing has been presented. The absorption curve of a sin-
gle-layer absorbing system is determined by four parameters: the
constitutive parameters of the panel and the thickness of the air
cavity. Furthermore, the absorption curve of an N-layers system
depends on 4N parameters. For a double-layer system the exhaus-
tive search technique is feasible but stops short for greater config-
urations due to very long processing time. Therefore, the SA
algorithm is proposed as an effective, fast and straightforward
technique to obtain the best possible configuration for an absorb-
ing system composed of multiple layers. A study of the perfor-
mance of the absorbers conditioned by their parameters shows a
strong dependence mainly on the diameter of the holes and the
porosity of the plate. The proposed double-layer prototype gives
an average absorption of 66%, for a frequency band up to
6400 Hz. The optimization algorithm provided a solution in less
than one minute, i.e., 5% of the time required by the exhaustive
search technique. The predicted performance of the plate was val-
idated in an impedance tube. Experimental measures show a very
good agreement with the general model for microperforated plates
proposed by Atalla and Sgard. A microperforated panel can be de-
signed with slit perforations making the manufacture using laser
techniques easier and cheaper.Acknowledgement
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